We demonstrate nanoscale x-ray holographic imaging using optimized illumination wave fronts emitted by x-ray waveguide channels. Mode filtering minimizes wave-front distortions and artifacts encountered in most hard x-ray focusing schemes, enabling quantitative reconstruction of the projected density, as evidenced by a test pattern imaged with a field of view of about 20 × 40 μm and at 22 nm resolution. The dose efficiency and contrast sensitivity make the optical scheme compatible with samples of intrinsically low contrast, typical for hydrated soft matter. This is demonstrated by imaging bacteria in the hydrated and living state, with quantitative phase contrast revealing dense structures of the bacterial nucleoids associated with compactified DNA. In response to continued irradiation, characteristic changes in these dense structures are observed.
Imaging of biological matter at the nanoscale is characterized by three persistent challenges: resolution, contrast, and compatibility with functional or physiological conditions. For the investigation of biological cells-which are often referred to as the test tubes of the 21st centuryimaging of processes and functions is particularly essential. Hard x-ray coherent imaging [1] [2] [3] [4] [5] [6] [7] is unique as a probe of the native electron density distribution within cells and thicker tissue. It is compatible with a large range of environmental conditions, does not depend on labeling or staining, and is well suited for tomography of larger specimens, due to a high penetration power and a large depth of focus. After overcoming considerable challenges related to the phase problem (Refs. [6, 7] and the references therein), the resolution achievable with lensless coherent x-ray diffractive imaging (CDI) has become high enough to address subcellular architectures [8] [9] [10] [11] [12] [13] [14] , such as the topology of biological membranes in complex organelles, the organization of protein networks, and compactified DNA.
A major challenge of applying x-ray imaging to biological matter is the low contrast in the hydrated state and the high radiation dose's inducement of radiation damage. Most reported dose values, even for dehydrated cells with strong contrast, are in the range of 10 7 -10 9 Gy, well above the theoretical dose-resolution curve which increases with a power law of exponent 3 ≤ γ ≤ 4, as derived for the case of Fraunhofer far-field diffraction [15] . Such excessive dose values are prohibitive for cells in solution, let alone for live cell imaging. A recent soft x-ray CDI study has demonstrated imaging of mammalian cells under low dose conditions [16] , but it was limited to the freeze-dried state. A first CDI study of cells in solution ("wet" CDI) reported 30 nm resolution (stated as half-period throughout this Letter), but at a "cost" of 10 8 Gy [17] .
In this Letter we present a different approach to nanoscale x-ray imaging, at a drastically reduced dose and with a large field of views, based on in-line holographic recordings using optimized and filtered wave fronts. The method is demonstrated here using first a lithographic test pattern imaged at a resolution of 22 nm, and second the grampositive bacteria Deinococcus radiodurans in the freezedried state, at a resolution of 53 nm and a radiation dose of 10 4 Gy. Coherent x-ray imaging provides a unique tool to shed light on the disputed structural arrangement of DNA in the nucleoid of this bacterium [18, 19] . From the quantitative density contrast, constraints on DNA packing models can be obtained [13] , complementing electron microscopy studies [20] . The dense, round structures observed by x-ray imaging within freeze-dried Deinococcus radiodurans cells [13, 14, 21] were attributed to DNA rich regions in the bacterial nucleoids. Here, we show that these structures can be imaged even in the hydrated and living state. To this end, we present the first electron density maps of living cells in buffered solution that were obtained by an application of less than the lethal dose. Successive images reveal structural processes in the nucleoids in response to radiation. This result casts serious doubt on previous conclusions that radiation damage does not change the observed structure of hydrated cells on the 50 nm scale for the typical high dose values of CDI [17] and underlines the need for dose-efficient imaging approaches.
To achieve phase contrast images at a drastically reduced dose and nanoscale resolution, we use x-ray full-field imaging with contrast formation by free space propagation in combination with highly coherent and well-controlled spherical wave fronts emitted by x-ray waveguides [22, 23] ; see the sketch in Fig. 1 . Introduced almost two decades ago [1, 24] , x-ray propagation imaging uses phase reconstruction algorithms [6, 7, 25, 26] to invert the intensity pattern(s) recorded downstream from an object illuminated by a plane wave, or spherical wave, for the sake of geometric magnification [27] [28] [29] . However, the wave-front errors associated with hard x-ray focusing lead to a severe loss of image quality and, to correct for this, we here use waveguide mode filtering, which significantly reduces wave-front aberrations and increases the spatial coherence. Progress in fabrication of lithographic waveguide channels has enabled us to overcome the previously low efficiency of x-ray waveguide optics [30] , increasing the waveguide exit flux of the present experiment to I WG > 10 9 ph= sec. Since the sample is not positioned in a focus but at a defocus position, the flux density at the sample can be adjusted to a tolerable level. The optical setup is combined with optimized near-field phase retrieval algorithms to achieve quantitative reconstructions from a single hologram.
Dose-efficient imaging of weakly diffracting objects becomes possible due to two distinct features of waveguide holography: (i) The homogeneous signal level within the recorded radiation cone circumvents well-known challenges associated with the limited dynamical range of x-ray detectors and does not require the use of beamstops; (ii) the waveguide transmits only the radiation modes required for the coherent imaging process and filters out background radiation, which is absorbed in the cladding [31] . The waveguide thus protects the sample from unwanted incoherent radiation which would not improve image quality but would increase the dose. Furthermore, interference of the weak diffracted wave behind the sample with the much stronger and highly coherent primary wave enhances the signal level well above the background originating at or downstream from the sample, including the Compton background of the sample itself [32] . In addition, the magnified near-field (Fresnel) diffraction pattern (in-line hologram) directly represents the location and the shape of the object, enabling easy sample alignment and providing a further optional constraint for iterative phase retrieval.
The experiments were performed using the GINIX instrument [33] at the coherence beam line P10 of the PETRA III storage ring (Hamburg, Germany; see Ref. [34] for details). The undulator beam was monochromatized [Si(111)] and focused by Kirkpatrick-Baez (KB) mirrors to about 300 nm in the horizontal and vertical directions. The twodimensional x-ray waveguides were placed in the focal plane of the mirrors, acting as a spatial and coherence filter [31] . The samples were placed into the divergent wave field exiting the waveguide, at a distance z 1 . In-line holograms, magnified by a factor of M ¼ 1 þ z 2 =z 1 , were recorded using a fiber coupled sCMOS detector (Photonic Science) with a pixel size of P ¼ 6.54 μm, positioned in the detector plane at z 1 þ z 2 ≈ 5 m behind the waveguide. This is equivalent to a parallel beam case with an effective sample-detector distance z ¼ z 2 =M and a demagnified pixel size p ¼ P=M. The recorded holographic intensity I z ðx; yÞ ≔ jD z fPðx; yÞ · Oðx; yÞgj 2 can be calculated based on the free space Fresnel propagator D z acting on the product between object transmission function O and probe function P, which in turn emerges from the waveguide exit field. Figure 2 (a) shows a scanning electron micrograph of the exit surface of a 1-mm-long bonded silicon waveguide. The waveguide exit flux of 2 × 10 9 photons=s was determined from the measured far-field pattern shown in Fig. 2 25 Fig. 2(c) , using the error-reduction algorithm [23] . The small source sizecompared to the channel dimensions of d x ¼ 97 nm and d y ¼ 73 nm-arises based on multimodal interference, as supported by the finite difference simulations shown in Fig. 2(d) . Full details on the bonded silicon waveguide (the air channel) used for holographic recordings at 7.9 keV and the Ge/Mo/C/Mo/Ge waveguide system used for the 13.8 keV recordings are given in Ref. [34] . The waveguide exit beam is fully coherent [31, 33] 
. The normalized intensity is thus directly related to the object transmission function O ¼ exp ½ − i2π=λ R 0 −Δt ½δ λ ðx; y; zÞ − iβ λ ðx; y; zÞdz of the object with thickness Δt and refractive index n ¼ 1 − δ λ þ iβ λ at wavelength λ, in contrast, for example, to cone-beam holography experiments with KB beams [28] , where the empty beam intensity normalization fails [36] .
To benchmark the optical setup and phase retrieval algorithms, we have first imaged a test pattern milled by focusing an ion beam into a 200-nm-thick gold layer on a 200-nm-thick Si 3 N 4 membrane. Figure 3 Fig. 3(b) and exhibits the well-known twin-image artifacts of in-line holography. For objects with a slowly varying phase and negligible absorption, the image formation can be linearized and written in Fourier space asĨ z ðν x ; ν y Þ ≃ δ D ðν x ; ν y Þ þ 2φðν x ; ν y Þ sin ½χðν; zÞ, whereã ¼ F fag denotes the two-dimensional Fourier transform, ν x , ν y the spatial frequencies with
y , and δ D the Dirac delta function. The term sin ½χðν; zÞ with χðν; zÞ ¼ πλzν 2 is known as the phase contrast transfer function (CTF). Phase reconstruction via filtering in Fourier space based on the CTF [24] suppresses the twin-image artifacts, as shown in Fig. 3(c) . However, because of zeros in the phase CTF at ν 0 ¼ ffiffiffiffiffiffiffiffiffi ffi n=λz p , with n ∈ N, some pronounced artifacts remain, in particular at low spatial frequencies. Here we use the CTF reconstruction to initialize a modified hybrid input-output (mHIO) algorithm which is capable of recovering the missing information [26] , based on the support of the object, which is readily inferred from the deterministic CTF reconstruction. In essence, the algorithm propagates back and forth between sample and detection plane, using a numerical implementation of the free space Fresnel diffraction operator D z with ψ z ¼ D z fψ 0 g ¼ F −1 fexpði2πz=λÞ expð−iπλzν 2 ÞF fψ 0 gg, and enforces compact object support as well as intensity values in line with the measured data, respectively. As shown in Fig. 3(d) , the phase distribution after N it ¼ 1000 iterations reveals the object nearly artifact free. The world map exhibits sharp edges and uniform gray values. A 100 × 100 pixel domain yields a mean phase shift of μ φ ¼ 0.18 rad and a standard deviation σ φ , with σ φ =μ φ ¼ 3%. In addition to the absence of low frequency artifacts, the superior quality of the mHIO reconstruction also manifests itself in an increased resolution of 22 nm (compared to 24 nm for the CTF reconstruction), as determined by fits to edges at different regions of the object. See Ref. [34] for additional information on data processing and reconstruction algorithms.
After optimization of experimental settings and algorithms, the approach was used to image freeze-dried bacteria. Cells of the Deinococcus radiodurans strain R1 were cultivated from freeze-dried cultures and vitrified on Si 3 N 4 foils by plunge freezing them in liquid ethane, followed by freeze drying as in Ref. [14] , as detailed in Ref. [34] . Samples were imaged at 7.9 keV, using the smooth central cone of the waveguide field shown in Fig. 2 , well matched to the active area of the sCMOS detector [the dashed rectangle in Fig. 2(b) ], placed at z 1 þ z 2 ¼ 5.12 m. A single 8 second accumulation of the sample placed at z 1 ¼ 15.9 mm was recorded, along with a corresponding empty beam measurement. Figure 4 a mHIO reconstruction after N it ¼ 741 iterations. The diskshaped domains with large relative phase shifts of up to −0.3 radian can be clearly identified and attributed to the bacterial nucleoid. With an effective pixel size of 20.3 nm, the crossover to the noise plateau of the power spectral density (PSD) at about 0.19 cycles per pixel corresponds to a resolution of about 53 nm; see Ref. [34] . The flux density at the sample plane was 5 × 10 5 ph=μm 2 =s, corresponding to a total dose of D ¼ 5.2 × 10 3 Gy applied during 8 seconds, as calculated for model protein [15] . This is almost 3 orders of magnitude less than a recent ptychographic reconstruction of the same bacteria (of the same preparation batch) at similar photon energy (6.2 keV), contrast, and resolution (50 nm), recorded at a dose of 4.9 × 10 6 Gy [14] . And, in contrast to ptychographic scanning [14, 37] , a large field of view, e.g., of ð20 μmÞ 2 , is observed simultaneously, which is important for samples in semistable environments or dynamic states, e.g., hydrated or living samples.
Since the freeze-dried cells were imaged below the lethal dose of Deinococcus radiodurans, the next step was to image living bacteria in solution. For the measurement, the bacteria were kept in microscopy chambers compatible with cell culture (ibidi, Germany); see Ref. [34] for details.
At a photon energy of 13.8 keV, 56 images with 10 second exposure time were recorded with the sample placed at z 1 ¼ 19.7 mm, corresponding to an effective pixel size of 25.4 nm. Eight consecutive exposures were averaged, yielding 7 frames with 80 second accumulation time for each. Figure 4(c) shows the reconstruction for every other frame of the live cell recordings. To increase the signal-tonoise ratio, the holograms were binned by a factor of 2. Phase reconstruction of each frame was performed using the mHIO algorithm with 3500 iterations, on average. Resolution is degraded due to slight sample movement in the solution during the exposure and is estimated to about 2 to 3 pixels, corresponding to 100-150 nm. The results confirm that the dense round structures attributed to the nucleoids observed in the freeze-dried state [see Fig. 4(c) and Refs. [13, 14, 21] ] are also present in the hydrated living state of the bacterium. With a total flux of 2 × 10 7 ph=μm 2 in each frame, the dose is D ¼ 8.9 × 10 3 , as calculated for a model protein [15] , and D ¼ 8.6 × 10 3 for water. These values are below the lethal dose LD 50 > 10 4 of Deinococcus radiodurans. The retrieved electron density map of at least the first frame should, therefore, represent the native structure in the living state of the bacteria, while in successive frames, radiation induced changes in the density distribution can be monitored. Notably, the density of the nucleoids decreases, but quite differently for individual organelles, as quantified in Figs. 4(c) and 4(d). While most nucleoids are subject to gradual density fading, for some organelles the process occurs in pronounced steps; see the colored columns in Fig. 4(d) .
Importantly, the applied dose could be precisely adjusted and reduced without a breakdown of the phase retrieval process. Despite the dose reduction by orders of magnitude with respect to most far-field diffractive imaging studies reported previously, including studies of the same organism [11, 13, 14] , we could already observe radiation induced structural changes in the course of consecutive exposures. In contrast to previous claims of wet CDI [17] , we conclude that imaging of living or hydrated biological samples at 50 nm resolution is not possible, in general, without severe damage. At the same time, the onset of radiation induced processes and subsequent radiation damage could be precisely studied with the demonstrated dose-efficient holographic approach. This may enable future studies of repair processes in response to radiation damage, from a structural point of view. The role of possible cofactors could be investigated, e.g., by varying the buffer solution or the metabolic state of the bacteria. For single low dose exposures, the method enables the visualization of the subcellular density distribution within living cells, even in complex environments. This structural probe could then be enhanced by well-chosen nanodiffraction spots, yielding high resolution in reciprocal space [14, 38] . Last but not least, and beyond the single cell level, this dose-efficient holographic approach should also enable 3D reconstruction 
